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ABSTRACT
The s ig n if ic a n c e  o f  carbon monoxide as an a i r  p o l lu ta n t  has been 
dem onstrated by th e  r e s u l t s  o f  many s tu d ie s  which in d ic a te  th a t  the 
gas i s  th e  most w id e ly  d i s t r ib u te d  a i r  p o llu ta n t  and th a t  man-made 
sources a re  re sp o n s ib le  fo r  producing th e  la r g e s t  q u a n ti ty  o f  th e  
p o llu ta n t .  Because o f  th e  la rg e  v a r ie ty  o f  th e se  tech n o lo g ica l 
sou rces, s ig n i f ic a n t  d if f e re n c e s  in  co n cen tra tio n  from one lo c a tio n  to  
ano ther and the la rg e  v a r i e ty  in  atm ospheric co n d itio n s  under which 
th e  measurements a r e  tak en , a  g re a t  many methods fo r  determ in ing  
carbon monoxide have been developed. The methods range from f a i r l y  
s o p h is tic a te d  in s tru m e n ta l techn iques to  sim ple c o lo r im e tr ic  
techn iques. The p re s e n t  method employs th e  s i l v e r  s o l c o lo r im e tr ic  
reag en t in  a  f u r th e r  e x te n s io n  o f  th e  perm eation d ev ice  concept 
p rev io u sly  used in  th e  d e te rm in a tio n  o f  o th e r  p o l lu ta n ts .
In  th e  perm eation method a  sm all q u a n tity  o f  the  c o lo r im e tr ic  
reag en t i s  p laced  in  a  g la s s  tube covered on the  bottom w ith  a 
s i l ic o n e  rubber membrane and stoppered  a t  the to p . T his perm eation 
dev ice i s  exposed to  th e  am bient atm osphere. As a i r  p asses  over the 
membrane, carbon monoxide in  th e  a i r  perm eates through th e  membrane 
and re a c ts  w ith  th e  re a g e n t, producing a  yellow s i l v e r  s o l .  At the 
end o f  th e  exposure p e r io d  th e  d ev ice  i s  re tu rn ed  to  th e  lab o ra to ry , 
and th e  in te n s i ty  o f  th e  yellow  co lo r i s  used as a  m easure o f th e  
carbon monoxide c o n c e n tra tio n  in  th e  a i r .
The p re se n t method i s  a  s im ple, inexpensive and r e l i a b le  method 
fo r  th e  d e te rm in a tio n  o f  average co n cen tra tio n s  o f  carbon monoxide in  
th e  ambient atm osphere from 2-80 ppm d u rin g  exposure p e rio d s  o f  2-2k
v i i
h o u rs . The method re q u ire s  no e l e c t r i c a l  o r  m echanical connections to  
complex equipment, and no ted io u s  sam pling technique Is  req u ired .
v i i l
CHAPTER I  
INTRODUCTION
The term " a i r  p o l lu t io n "  means d i f f e r e n t  th in g s  to  d i f f e r e n t  
people. Most people p robab ly  th in k  o f  a i r  p o l lu t io n  as an u n n a tu ra l 
phenomenon caused by man, such as d i r t y  exhaust from an autom obile 
o r odorous fumes from an o i l  r e f in e ry .  However, a  d u s t storm in  
West Texas o r  Oklahoma produces some o f  th e  same e f f e c t s  as a  d i r ty  
autom obile engine and may be considered  as a i r  p o l lu t io n  by some 
a f fe c te d  r e s id e n ts .  A p erso n  who s u f fe r s  hay fev e r may consider th e  
offending  p o lle n  to  be an a i r  p o l lu ta n t  even though i t  comes from 
a  n a tu ra l so u rce . Carbon d io x id e  is  a  n a tu ra l  component o f th e  
atm osphere; however, when p re se n t in  c o n c en tra tio n s  above n a tu ra l  
le v e ls ,  i t  too  can be co n sid e red  a  p o l lu ta n t .  The Engineers J o in t  
Council has p u b lish ed  th e  fo llow ing  d e f in i t io n  o f a i r  p o llu t io n  ( l ) ;
A ir  p o l lu t io n  means th e  p resence in  th e  ou tdoor atm osphere 
o f one o r  more contam inants . . . i n  q u a n t i t i e s ,  o f  c h a r a c te r is t ic s ,  
and o f  d u ra tio n  such as to  be in ju r io u s  to  human, p la n t o r 
anim al l i f e  o r  to  p ro p e rty , o r  which unreasonably  in te r f e r e  
w ith  th e  co m fo rtab le  enjoyment o f  l i f e  and p ro p e rty .
B a s ic a lly , th en , a i r  p o l lu t io n  i s  th e  p resence  o f  substances in  the  
a i r  a t  co n c e n tra tio n  le v e ls  s u f f i c i e n t  to  cause in te r f e re n c e  w ith  
the  w e ll-b e in g  o f  p eo p le .
A ir p o l lu ta n ts  can be d iv id ed  in to  two c l a s s i f i c a t io n s :  p a r t i c ­
u la te  and gaseous. The gaseous p o llu ta n ts  a re  fu r th e r  d iv ided  in to  
hydrocarbons, n i tro g e n  compounds, s u lf u r  compounds and carbon ox ides. 
Of th ese  p o l lu ta n ts  n i tro g e n  and s u lf u r  compounds a re  produced la rg e ly  
in  n a tu ra l  so u rc e s ; hydrocarbons and carbon d io x id e  come from both
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n a tu r a l  and man-made so u rces . Carbon monoxide, however, appears to  
be p r in c ip a l ly  a man-made p o l lu ta n t ;  I t  a lso  Is  th e  most w idely  
d i s t r ib u te d  a i r  p o llu ta n t .  Carbon monoxide Is  em itted  to  th e  atm os­
phere In  g re a te r  q u a n ti t ie s  than  a l l  o th e r  p o llu ta n ts  combined (2 ) .  
The f a c t  th a t  man-made sources a r e  re sp o n s ib le  fo r  producing th e  
la r g e s t  q u a n tity  o f the  most commonly o c cu rrin g  a i r  p o l lu ta n t  makes 
th e  s tu d y  o f carbon monoxide p a r t i c u l a r l y  s ig n i f ic a n t .
A. SOURCES OF CARBON MONOXIDE
A u th o r itie s  a re  In g e n e ra l agreem ent th a t  most o f  th e  carbon 
monoxide in  th e  atmosphere comes from tec h n o lo g ic a l so u rces . There 
a r e ,  however, a s ig n i f ic a n t  number o f  n a tu r a l  so u rces , and a t  l e a s t  
one a u th o r (5 ) has s ta te d  th a t  th e se  n a tu r a l  sources a re  re sp o n s ib le  
fo r  producing more than n in e ty  p e r  c e n t o f  th e  worldwide average 
le v e l  o f  carbon monoxide.
Many o f  the n a tu ra l  so u rces  o f  carbon  monoxide a re  b io lo g ic a l  
in  n a tu re ,  and the carbon monoxide produced by th e se  sources i s  
p r in c ip a l ly  th e  r e s u l t  o f  incom plete  o x id a tio n  o f  methane th a t  i s  
produced by decaying o rgan ic  m a t te r .  The a c tio n  o f  m icroorganism s on 
p la n t  flavono ids has been shown to  produce carbon monoxide (b) ,  and 
th e  gas has been observed in  m atu re  leav es  o f  green p la n ts  and in  c u t 
o r  d r ie d  p la n ts  (5 ) . A quatic so u rces  in c lu d e  k e lp , seaweed and c e r ­
ta in  brown a lg ae  (2 ); some m arsh gases  a ls o  co n ta in  carbon monoxide 
(6 ) .  I t  a lso  i s  produced by a  c e r t a in  sp ec ie s  o f  th e  P o rtu g ese  Man- 
of-War (7 ) and by c e r ta in  sp e c ie s  o f  m arine hydrozoan j e l l y f i s h  (8 ) .  
There may be o th e r b io lo g ic a l  so u rces  o f  carbon monoxide in  th e  ocean, 
and th e re  is  some evidence fo r  th e  e x is te n c e  o f o th e r  mechanisms
through which th e  gas may be produced in  t h i s  environm ent, bu t th e se  
sources have n o t been w e ll- s tu d ie d .
N o n -b io lo g ica l n a tu ra l  p ro cesses  which produce carbon monoxide 
in c lu d e  th e  p h o to d isso c ia tio n  o f  carbon d io x id e  in  th e  upper atm os­
phere  (9) and th e  photochem ical d e g ra d a tio n  o f  some o rgan ic  compounds 
as a  consequence o f  th e  p rod u ctio n  o f  photochem ical smog (1 0 ). Some
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carbon monoxide i s  found in  the  n a tu r a l  gases in  co a l m ines, and 
th e re  a re  re p o r ts  o f  carbon monoxide being  produced by vo lcanoes, 
by e l e c t r i c a l  storm s and by f o r e s t  f i r e s  ( l l ) .  F o re s t f i r e s  
c o n s t i tu te  the  l a r g e s t  n a tu ra l  so u rce  o f  carbon monoxide, accoun ting  
fo r  about seven p e r  c e n t o f  th e  carbon  monoxide em issions in  th e  
U nited S ta te s ;  a l l  o th e r  n a tu ra l  so u rces  combined produce le s s  than  
one p e r c e n t (2 ) .
The la r g e s t  s in g le  te c h n o lo g ic a l so u rce  o f  carbon monoxide i s  
th e  au tom obile, accoun ting  fo r  more th an  f i f t y - e i g h t  per c e n t o f  th e  
t o t a l  em issions in  th i s  country  (2 ) .  Many s tu d ie s  have been u nder­
taken w ith in  th e  l a s t  decade to  d e te rm in e  th e  e f f e c t  o f  th e  v a rio u s  
engine param eters on th e  em ission  le v e ls  o f  carbon monoxide. The 
r e s u l t s  o f  th e se  s tu d ie s  in d ic a te  th a t  more carbon monoxide i s  p ro ­
duced and e m itted  a t  low speeds than  a t  h ig h e r  speeds ( 12) ;  modem 
autom obile eng ines o p e ra te  more e f f i c i e n t l y  a t  h ig h  speeds. Re­
sea rch e rs  a lso  have found th a t  a  lean  a i r / f u e l  r a t i o  lowers th e  
carbon monoxide em issions o f  a  g a so lin e  en g in e ; d ie s e l  en g in es , which 
norm ally o p e ra te  w ith  a  lean  a i r / f u e l  r a t i o ,  produce much le s s  
carbon monoxide than  g aso lin e  eng ines ( 13) • U n fo rtu n a te ly , ad ju stm en t 
o f  engine param eters to  minimize carbon monoxide em issions o f te n  
in c reases  th e  p ro d u c tio n  o f  o th e r  p o l lu ta n ts  o r  reduces e f f ic ie n c y .
hO ther t r a n s p o r ta t io n  so u rces , in c lu d in g  a i r c r a f t ,  t r a in s ,  sh ip s  and 
non-highway m obile m achinery, produce le v e ls  o f  carbon monoxide which 
a re  q u i te  in s ig n i f ic a n t  when compared to  th e  em issions o f  the 
autom obile en g in es . A ll t r a n s p o r ta t io n  so u rces  combined produce about 
tw o -th ird s  o f  th e  t o t a l  carbon monoxide em issions (2 ) .
The rem aining carbon monoxide em issions a re  produced by in d u s t r i a l  
p ro c e sse s , s o l id  w aste  d is p o s a l ,  c o n tro lle d  and u n c o n tro lle d  b u rn in g , 
com bustion sou rces fo r  power and h e a t and th e  n a tu r a l  sou rces p r e v i ­
o u s ly  m entioned. I n d u s t r ia l  p ro cesses  accoun t fo r  about e lev en  p e r  
cen t o f  th e  t o t a l ,  and four types o f  in d u s try  accoun t fo r  v i r t u a l l y  
a l l  o f  the  carbon monoxide em issions o f  th i s  ty p e ; th ey  a r e  s t e e l  
m i l l s ,  i ro n  fo u n d rie s , k r a f t  pu lp  m i l l s  and petro leum  r e f i n e r i e s .
Each o f  th e se  in d u s tr ie s  c o n tr ib u te s  abou t 2 .5  p e r  c e n t o f  th e  t o t a l  
n a t io n a l  carbon monoxide em iss io n s. S o lid  w aste  d isp o s a l  through 
in c in e r a t io n  and open burning c o n tr ib u te s  abou t e ig h t  p e r  c e n t o f  
th e  t o t a l  em iss io n s; about h a l f  o f  a l l  s o l id  w aste  i s  d isposed  o f  in  
th i s  m anner. S u rp r is in g ly , com bustion so u rces  fo r  power and h e a t 
c o n tr ib u te  o n ly  about two p e r  c e n t o f  th e  t o t a l  carbon monoxide 
em iss io n s. C o n tro lled  and u n c o n tro lle d  bu rn in g , in c lu d in g  a g r ic u l ­
t u r a l  w aste  bu rn ing , f o re s t  f i r e s ,  c o a l- re fu s e  bank f i r e s  and 
s t r u c tu r a l  f i r e s ,  account fo r  a n o th e r  s ix te e n  p e r  c e n t o f  th e  t o t a l  
carbon monoxide em issions (2 ) .  A lso in  t h i s  ca teg o ry  i s  c ig a r e t t e  
smoking. I t  has been re p o rte d  t h a t  c ig a r e t t e  smoke co n ta in s  up to  
1)0 ,0 0 0  ppm carbon monoxide, and i t  has been e s tim a te d  th a t  a  person  
who smokes one pack o f  c ig a r e t te s  p e r  day l iv e s  in  a  c o n s ta n t 
environm ent o f  50 PP® carbon monoxide ( l l ) .
B. HEALTH EFFECTS OF CARBON MONOXIDE
There i s  e x te n s iv e  docum entation th a t  carbon  monoxide i s  to x ic  
and th a t  in c re a s in g ly  h ig h e r  co n cen tra tio n s  can cause  in c re a s in g ly  
sev e re  p h y s io lo g ic a l changes in  humans; p ro longed exposure to  concen­
t r a t io n s  above a  c e r t a in  le v e l ,  g e n e ra lly  100 ppm, can r e s u l t  in  
d e a th . The to x ic  a c t io n  o f carbon monoxide i s  a t t r i b u t e d  to  i t s  
a b i l i t y  to  r e a c t  w ith  hemoglobin in  the  b lood , form ing a  s ta b le  
compound, and thus p re v e n tin g  th e  hemoglobin from tra n s p o r t in g  oxygen 
from th e  lungs to  th e  c e l l s ;  th e  lack  o f  oxygen r e s u l t s  in  a sp h y x i­
a t io n .  The r e a c t io n  i s  r e v e r s ib le ,  and th e  e q u ilib r iu m  v a lu e  o f 
carboxyhemoglobin and th e  s e v e r i ty  o f th e  h e a l th  e f f e c t  depend on th e  
c o n ce n tra tio n  o f  carbon monoxide and th e  le n g th  o f  exposure.
The l i t e r a t u r e  co n ta in s  a  v a s t  number o f  r e p o r ts  documenting 
in v e s t ig a t io n s  in to  th e  e f f e c ts  o f  exposure o f  humans and anim als to  
v a rio u s  co n c e n tra tio n s  o f  carbon monoxide over r e l a t i v e l y  s h o r t  p erio d s  
o f  tim e. One o f  th e  b e s t  c o l le c t io n s  o f  p apers  on th e  s u b je c t  has 
been pu b lish ed  by th e  New York Academy o f  S c ien ces  ( l ^ ) . In  most o f  
th e  human s tu d ie s ,  however, th e  su b je c ts  w ere exposed to  extrem ely  
h ig h  le v e ls  o f  carbon monoxide (g re a te r  than  100 ppm), and exposures 
w ere fo r  r e l a t iv e ly  s h o r t  p eriods o f  tim e. The e f f e c t s  o f  human 
exposure to  r e l a t i v e ly  low le v e ls  o f  carbon monoxide f o r  long p erio d s  
o f  tim e have n o t been w ell-docum ented.
The normal eq u ilib riu m  le v e l  o f  carboxyhem oglobin in  th e  blood 
o f  nonsmokers has been e s ta b lis h e d  to  be abou t 0 .5 $  (2 ) .  C e rta in  
tre n d s  in  human b eh av io r have been observed a t  carboxyhem oglobin 
le v e ls  above th i s  v a lu e . At a  le v e l  o f about 2 .5 $  s ig n i f i c a n t
d e te r io r a t io n  in  tim e in te r v a l  d isc r im in a tio n  can occur, and a t  about 
th re e  p e r  c e n t im pairm ent o f  v is u a l  a c u ity  may occur ( 15) ;  a  v a lu e  
o f  3 *5# has been re p o rte d  as the  normal le v e l  o f  carboxyhem oglobin 
in  th e  blood o f  m oderate smokers (1 6 ). Impairment in  th e  response  
to  c e r ta in  psychomotor t e s t s  has been d e te c te d  a t  a  le v e l  o f  abou t 
f iv e  p e r  c e n t (1 7 ). At le v e ls  above f iv e  p er cen t in c rea se d  c a rd ia c  
o u tp u t and v e n t i l a t io n  have been observed ( l 8 ) .
E qu ilib rium  v alu es o f  carboxyhemoglobin a re  dependent on th e  
c o n c e n tra tio n  o f carbon monoxide and th e  len g th  o f exposure; a t  low 
le v e ls  o f  carbon monoxide ( le s s  th an  100 ppm), an e q u ilib riu m  v a lu e  
o f  carboxyhemoglobin u s u a lly  i s  ach ieved  a f t e r  about e ig h t  h o u rs . A 
sim ple form ula fo r  e s tim a tin g  th e  in c re a se  in  eq u ilib riu m  le v e ls  o f  
carboxyhemoglobin above background a t ta in e d  a f t e r  continuous exposure 
(8 h o u rs) to  low co n c en tra tio n s  o f  carbon monoxide has been re p o rte d
(1 9 ):
# COHb = 0 .16  x  [CO] in  ppm.
By adding th e  a p p ro p ria te  background eq u ilib riu m  value  (0 .5 #  fo r  non- 
sm okers), one can determ ine th e  carboxyhemoglobin le v e ls  p re se n t in  
th e  blood a f t e r  continuous exposure to  low c o n c en tra tio n s  o f  carbon 
monoxide.
From th e  s tu d ie s  m entioned i n  th i s  s e c tio n  and th e  above equa­
t io n ,  i t  can be concluded th a t  d e tr im e n ta l h e a lth  e f f e c ts  can be 
observed a f t e r  continuous exposure to  co n cen tra tio n s  o f  carbon 
monoxide g re a te r  than  10 ppm, and indeed th e  U. S. P u b lic  H ea lth  
S e rv ic e  has suggested  th a t  t h i s  le v e l  would be a p ruden t a i r  q u a l i ty
s ta n d a rd  f o r  carbon monoxide fo r  an e ig h t  hour exposure p e rio d  (2 ) .
The Environm ental P ro te c tio n  Agency lowered th is  s tan d a rd  to  9 ppm in  
1 9 and a ls o  p re sc r ib e d  a maximum one-hour co n ce n tra tio n  o f  35 ppm
(2 0 ). The S ta te  o f  C a lifo rn ia  has p u b lish ed  stan d ard s fo r  am bient a i r  
q u a l i ty  p re s c r ib in g  a  s e r io u s  le v e l  (one a t  which th e re  w i l l  be 
a l t e r a t io n  o f  b o d ily  fu n c tio n  o r  which i s  l ik e ly  to  lead  to  ch ro n ic  
d is e a se )  fo r  carbon monoxide o f  30 ppm fo r  e ig h t hours o r 120 ppm fo r  
one hour (2 1 ) .
C. ATMOSPHERIC CARBON MONOXIDE CONCENTRATIONS
I f  c o n c e n tra tio n s  o f  carbon monoxide g re a te r  than 10 ppm can 
produce d e tr im e n ta l h e a lth  e f f e c t s ,  one may be led  to  ask  w hether 
th e  ty p ic a l  atm ospheric c o n c e n tra tio n s  o f  carbon monoxide to  which 
he may be exposed a re  h ig h e r  o r  lower than  th is  v a lu e . The answer 
depends upon th e  community in  which one l iv e s ,  th e  c i ty  where one 
w orks, o n e 's  o ccupation , and the  tim e o f  day o r  even season o f  th e  
y ear d u rin g  which a  measurement i s  tak en . N a tio n a l A ir P o llu t io n  
C ontro l A sso c ia tio n  d a ta  c o l le c te d  in  f iv e  m ajor c i t i e s  over a  
th re e -y e a r  p e r io d  in d ic a te d  th a t  th e  average carbon monoxide le v e l  
was 7 .3  ppm, b u t in s tan tan eo u s  c o n c e n tra tio n s  o f 100 ppm and h ig h e r  
w ere d e te c te d  on some occasions ( 2 l ) .  During a  tem peratu re  in v e rs io n , 
average le v e ls  o f carbon monoxide exceeding 30  Ppm were d e te c te d  in  
Los A ngeles (2 2 ), and in s ta n ta n e o u s  le v e ls  were much h ig h e r . In  a 
s tu d y  in  P a r is  in s tan tan eo u s  le v e ls  exceeding  300 ppm w ere m easured, 
and in  London in stan tan eo u s  co n c e n tra tio n s  o f  360 ppm were re p o rte d  
(2 ) .  Exposure le v e ls  to  carbon monoxide may vary  from one lo c a t io n
to  an o th er w ith in  a  g iven  b u ild in g . Measurements tak en  in  a  study  a t  
the  Chicago P o s t O ffic e  showed th a t  th e  average le v e l  a t  th e  e a s t 
loading  p la tfo rm  was lj-1 ppm durin g  th e  day, w h ile  a t  th e  w est loading  
p la tfo rm  th e  av erag e  c o n c e n tra tio n  was on ly  2k ppm (2 ) .
While th e  c o n c e n tra tio n  o f  carbon monoxide may vary  co n sid e rab ly  
w ith  tim e and lo c a t io n ,  s u f f i c i e n t  d a ta  has been g a th e red  by lo c a l ,  
s t a t e  and n a t io n a l  ag en cies  to  d isc e rn  some p a t te rn s  in  the  v a r ia t io n s  
C oncen tra tions o f  carbon monoxide in  a  g iven community u s u a lly  follow  
a ty p ic a l  d iu rn a l  p a t te r n  o f  v a r ia t io n  which corresponds c lo s e ly  w ith  
th e  v a r ia t io n  in  human a c t i v i t y  and s p e c i f ic a l ly  w ith  th e  v a r ia t io n  
in  autom obile u sag e . Thus a  p lo t  o f  carbon monoxide co n ce n tra tio n  
v s . tim e o f  day fo r  any g iven  c i t y  lo c a t io n  u s u a lly  w i l l  have two 
peaks, one in  th e  m orning ru sh  hour and one in  th e  a f te rn o o n  rush  hour 
th e  shape and m agnitude o f  th e  peaks w i l l  vary  from one lo c a tio n  to  
an o th e r. W ith in  a  g iven  community, however, th e re  i s  l i t t l e  v a r ia t io n  
in  th is  d iu rn a l  p a t te r n  w ith  day o f th e  week ex cep t fo r  weekends and 
h o lid a y s , when th e  c o n c e n tra tio n  le v e ls  were found to  d ecrease  about 
twenty p e r c e n t in  one s tu d y  (23 ) .  S p e c ia l c ircum stances may r e s u l t  
in  a  co n s id e ra b ly  d i f f e r e n t  d iu rn a l  p a t te r n  in  a  g iven  lo c a tio n , 
such as in  th e  B lackw ell and R o th e rh ith e  Tunnels in  London. In  one 
study  th e  av erag e  carbon monoxide co n c e n tra tio n  d u rin g  morning and 
evening ru sh  hours was re p o rte d  to  be about 100 ppm. Much h ig h er 
le v e ls ,  however, w ere found on F riday  evening (U50 ppm), Saturday  
evening (5^0 ppm) and Sunday m idnigh t (500 ppm) because th e  fans in  
th ese  tu n n e ls  w ere tu rn ed  o f f  d u rin g  th e  n ig h t (2 ) .  The d iu rn a l 
p a t te rn  in  a  g iv en  community a ls o  may be a l te r e d  by seaso n a l changes
9i n  a reas where tem peratu re  in v e rs io n s ,  low wind speeds o r  o th e r  
s p e c ia l  co n d itio n s  may o ccu r more f re q u e n tly  in  one season  th an  in  
a n o th e r. Annual v a r ia t io n s  in  th e  d iu rn a l  p a t te r n  may o ccu r in  a 
community which experiences marked p o p u la tio n  s h i f t s  o r  in c re a se s .
Because o f th e  v a r ie ty  o f  so u rc e s , th e  s ig n i f i c a n t  d if fe re n c e s  
in  co n cen tra tio n  from one lo c a t io n  to  an o th e r and th e  la rg e  v a r ie ty  
i n  atm ospheric co n d itio n s  under which th e  measurements a r e  tak en , 
a  g re a t many methods fo r  d e te rm in in g  carbon monoxide have been 
developed. These methods w i l l  be d iscu ssed  in  th e  n ex t c h a p te r .
CHAPTER I I  
METHODS FOR DETERMINING CARBON MONOXIDE
A. EXISTING METHODS FOR DETERMINING CARBON MONOXIDE
A n a ly tic a l tech n iq u es  fo r  m easuring carbon monoxide c o n cen tra ­
t io n s  In  th e  atm osphere have been slow In  appearing  p ro b ab ly  because 
o f  th e  f a i lu r e  o f  th e  gas to  Impinge on any o f  the  s e n se s . E arly  
methods were u se fu l on ly  a t  h ig h  c o n c e n tra tio n s  because no e f f e c ts  
w ere n o tic ed  a t  low er c o n c e n tra tio n  le v e ls .  R ecen tly , however, w ith  
th e  In c reased  concern about th e  e f f e c t s  o f  environm ental p o l lu t io n ,  
s e v e ra l  methods have been developed fo r  determ in ing  carbon monoxide 
a t  low atm ospheric c o n c e n tra tio n s .
The re fe re n c e  method fo r  .determ ining  carbon monoxide I s  n o n d is- 
p e rs lv e  In fra re d  (NDIR) sp ec tro sco p y , and th i s  Is  p robab ly  th e  most 
w idely  used techn ique fo r  d e te rm in in g  carbon monoxide. S ev e ra l 
types o f NDIR an a ly ze rs  have been developed by m anufac tu rers  fo r  
ta k in g  measurements under a  v a r ie ty  o f  c o n d itio n s , b u t a l l  o f  them 
o p e ra te  on th e  same b a s ic  measurement p r in c ip le .  The d if f e re n c e  
in  r a d ia t io n  produced in  a  m easuring and a  re fe re n c e  chamber r e s u l t s  in  
d i f f e r e n t i a l  h e a tin g  and co n seq u en tly  a  p re s su re  d if f e re n c e  between 
d e te c to r  chambers; the  p re s s u re  d if f e re n c e  i s  converted  to  an 
e l e c t r i c a l  s ig n a l which i s  fed  to  a  read o u t system . M easuring ranges 
a re  u s u a lly  1-50 ppm o r 1-100 ppm. In te r fe re n c e s  from carbon d io x id e  
and w ater vapor may be e lim in a te d  to  v ary in g  degrees by th e  use  o f  
f i l t e r i n g  system s which v a ry  from one in stru m en t m an u fac tu re r to  
an o th e r. The NDIR system s a re  a p p lic a b le  over wide c o n c e n tra tio n
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ra n g e s , a re  reasonab ly  Independent o f  tem peratu re  and flow r a t e  and 
a re  q u i te  sim ple to  o p e ra te . They can be used fo r  continuous a n a ly s is  
o r  sp o t measurements.
Another In stru m en ta l p rocedure  fo r  th e  d e te rm in a tio n  o f carbon 
monoxide invo lves re a c t in g  carbon monoxide w ith  m ercu ric  oxide a t  
210°C and m easuring th e  m ercury vapor produced u sing  a  UV photom etric  
techn ique (2 ^ ). In te r fe re n c e s  in c lu d e  f re e  hydrogen, some o le f in s  
and oxygenated hydrocarbons. The u s e fu l range i s  0 .0 2 ^-1 0 .0  ppm. 
Because o f  th e  in te r fe re n c e s  and lew u s e fu l  c o n c e n tra tio n  range, 
t h i s  techn ique  i s  n o t s u i ta b le  f o r  ro u tin e  continuous atm ospheric 
d e te rm in a tio n  o f  carbon monoxide, b u t i t  has found c o n s id e rab le  
a p p lic a t io n  in  determ in ing  background le v e ls  o f  carbon monoxide.
Gas chromatography i s  an o th e r  in s tru m e n ta l techn ique  which has 
been used in  th e  d e te rm in a tio n  o f  carbon monoxide; th e  most f re q u e n tly  
used scheme (25 ) uses a  c a ta ly s t  to  co n v ert carbon monoxide to  m ethane, 
which then  i s  d e te c ted  by a  flam e io n iz a t io n  d e te c to r .  O ther d e te c ­
to r s ,  such as helium  io n iz a t io n  d e te c to r s  (26 ) ,  have been developed 
more r e c e n t ly .  These tech n iq u es have d e te c t io n  l im i ts  o f  about
0 .1  ppm and a re  u se fu l up to  abou t 1000 ppm. The in s tru m e n ta tio n  
i s  r a th e r  s o p h is t ic a te d  and re q u ire s  h ig h ly  tra in e d  o p e ra to rs  to  
produce r e l i a b le  r e s u l t s .  In stru m en ts  have been developed fo r  both  
continuous and in s tan tan eo u s  d e te rm in a tio n s .
S ev era l methods fo r  th e  d e te rm in a tio n  o f  carbon monoxide based 
upon th e  re a c tio n
5C0 + J z 0 5 — >  5CQ2 + I2
have been developed. The f i r s t  p u b lish ed  papers u s in g  th i s  re a c t io n
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to  determ ine carbon monoxide employed th e  t i t r a t i o n  o f  th e  l ib e ra te d  
Iod ine  w ith  th io s u l f a te  as an a n a ly t ic a l  f in i s h  (27 ) .  S ev e ra l more 
s o p h is t ic a te d  schemes have s in c e  been re p o r te d . In  one scheme (2) 
a  g a lv an ic  c e l l  i s  c re a te d  by th e  a b so rp tio n  and re d u c tio n  o f  th e  
l ib e ra te d  io d in e . In  an o th e r scheme (28) th e  l ib e r a te d  io d in e  i s  
passed  in to  a  D i t te  c e l l ,  and the  c u rre n t g en e ra ted  i s  m easured 
e le c t r o n ic a l ly .  These methods a re  q u ite  s e n s i t iv e ,  b u t th e  re a c t io n  
does n o t proceed a t  normal ambient a i r  te m p era tu re s , and th e  r e a c ta n ts  
a re  somewhat u n s ta b le .
S e v e ra l methods based upon th e  o x id a tio n  o f  carbon  monoxide to  
carbon d io x id e  u s in g  th e  c a ta ly s t  H o p ca lite  have been re p o r te d . An 
e a r ly  method (29 ) invo lved  th e  g rav im e tric  d e te rm in a tio n  o f  carbon 
d io x id e  by a b so rp tio n  on A sc a r ite . A l a t e r  method (2) was based upon 
th e  tem pera tu re  r i s e  produced by th e  o x id a tio n  p ro c e ss . Systems 
u t i l i z i n g  th e se  methods have lim ite d  a p p l i c a b i l i ty  because o f  th e  
requ irem ent fo r  h igh  co n cen tra tio n s  o f carbon monoxide.
In d ic a to r  tubes employing a wide v a r ie ty  o f  su b stan ces  as an 
in d ic a t in g  g e l have been in  use fo r  a long tim e. Two g e n e ra l schemes 
a re  employed in  d e te rm in a tio n s  w ith  th ese  tu b e s . In  some in s ta n c e s  
a i r  flow ing a t  a  m easured r a t e  i s  drawn through  a  tu b e  c o n ta in in g  th e  
g e l ,  and th e  len g th  o f  th e  d is c o lo ra t io n  which r e s u l t s  i s  used as a  
measure o f  th e  carbon monoxide c o n c e n tra tio n . In  o th e r  in s ta n c e s  th e  
g e l i s  exposed to  th e  a i r ,  and th e  in te n s i ty  o f  th e  c o lo r  produced by 
carbon monoxide i s  in d ic a t iv e  o f th e  c o n c e n tra tio n . The N atio n a l 
Bureau o f  S tandards c o lo r im e tr ic  in d ic a tin g  g e l f o r  carbon monoxide, 
c o n s is t in g  o f  pa llad ium  and molybdenum s a l t s  (3 0 ) ,  i s  used in  th e
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l a t t e r  manner. In d ic a to r  tubes have been used  fo r  d e te rm in in g  carbon 
monoxide In  co n c e n tra tio n s  from 0 .1  ppm to  over 100 ppm, depending 
upon th e  In d ic a to r  used . These tubes a re  Inexpensive  and easy  to  
u se , b u t th e  accuracy  o f th i s  techn ique i s  o n ly  ab o u t + 25$.
C o lo rim e tric  methods u sin g  so lu tio n s  o f  r e a c t iv e  sp e c ie s  a lso  
have been used to  determ ine carbon monoxide in  th e  a i r .  U su ally  th e  
s o lu t io n  i s  p laced  in  a  b u b b le r, and a i r  i s  bubbled th rough  th e  
s o lu t io n  a t  a  s p e c if ie d  r a t e  fo r  a  c e r ta in  p e rio d  o f  tim e. The 
i n t e n s i t y  o f  th e  c o lo r  produced i s  in d ic a t iv e  o f  th e  c o n c e n tra tio n  
o f  carbon monoxide. Lambert and Hamlin (3 l)  have developed a  c o lo r i ­
m e tr ic  reag en t u s in g  p a llad ium  and iro n  s a l t s ;  th e  resp o n se  to  carbon 
monoxide i s  n o n lin e a r , and th e  s e n s i t i v i t y  i s  n o t as good as o th e r  
r e a g e n ts .  Lambert and Wiens (3 2 ) have re p o rte d  a  re a g e n t u s in g  
p a llad iu m  s a l t s  and leuco  c r y s ta l  v io le t  f o r  d e te rm in in g  carbon 
m onoxide. T his re a g e n t i s  h ig h ly  u n s ta b le , however. The b e s t  
c o lo r im e tr ic  method i s  th e  co lo red  s i l v e r  s o l  method developed by 
Ciuhandu (35)* Carbon monoxide re a c ts  w ith  s i l v e r  p -su lfam oy lbenzoate  
to  form a  yellow  s i l v e r  s o l .  The in te n s i ty  o f  th e  c o lo r  i s  measured 
sp e c tro p h o to m e tr ic a lly  and used  to  determ ine th e  c o n c e n tra tio n  o f 
carbon  monoxide. The re a g e n t i s  f a i r l y  s ta b l e ,  has good s e n s i t i v i t y ,  
and has a  l in e a r  response over a  wide ran g e . T h is  c o lo r im e tr ic  
re a g e n t was s e le c te d  fo r  use  in  th e  p re se n t s tu d y .
B. DEVELOPMENT OF THE PRESENT METHOD
Almost tw enty years ago West and Gaeke re p o rte d  th e  developm ent 
o f  a  new c o lo r im e tr ic  re a g e n t fo r  de term in ing  s u l f u r  d io x id e  (3*0.
A ir  was bubbled a t  a c e r ta in  r a t e  through th e  re a g e n t (sodium
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te tra c h lo ro m e rc u ra te  I i ) , and any s u lf u r  d io x id e  p re se n t formed a  
s ta b le  complex. A fte r  adding a  dye (p a ra ro s a n il in e )  to  th e  s o lu t io n  
a  red  c o lo r  appeared , and th e  In te n s i ty  o f th e  c o lo r  was p ro p o rtio n a l  
to  th e  c o n c e n tra tio n  o f  s u lf u r  d iox ide  In  th e  a i r .  Today th e  method Is  
recogn ized  throughout th e  w orld as th e  re fe re n c e  method fo r  s u l f u r  
d io x id e .
About f iv e  years ago an o th er o f W est's  cow orkers, K. D. R e iszn er, 
conceived th e  Idea o f  p la c in g  th e  West-Gaeke s o lu t io n  In to  a  p l a s t i c  
bag suspended from a t r e e  branch. As th e  a i r  passed  over th e  su rfa c e  
o f  th e  bag, some o f  I t  (a long  w ith  any s u l f u r  d io x id e  p re se n t)  
would perm eate through th e  bag In to  th e  s o lu t io n ,  and ag a in  a  s ta b le  
complex would be formed; c o lo r  development would be accom plished as 
b e fo re . A f te r  co n s id e rab le  re sea rch  a  s u c c e ss fu l method was 
developed based upon th e  perm eation concept (5 5 )•
The method was so su c c e ss fu l th a t  Dr. R e isz n e r  has s e t  up a 
b u s in ess  m anufacturing  and s e l l in g  c a l ib r a te d  perm eation  d ev ices  
to  determ ine s u lf u r  d io x id e . P re lim in ary  In v e s t ig a t io n s  a ls o  have 
In d ic a te d  th a t  by changing absorb ing  s o lu tio n s  th e  perm eation  dev ice  
concept can be used to  determ ine n itro g e n  d io x id e  In  th e  am bient 
atm osphere In  an analogous manner (56 ) .  The p re s e n t  method I s  a  
f u r th e r  ex ten s io n  o f  th e  perm eation dev ice  co n cep t. By u s in g  an 
a p p ro p ria te  ab so rb in g /rea g e n t s o lu tio n  In  th e  same d ev ic e  a  method 
has been developed fo r  determ in ing  carbon monoxide In  th e  am bient 
atm osphere.
CHAPTER I I I  
EXPERIMENTAL
A. APPARATUS
1. P re p a ra tio n  o f  Carbon M onoxide/Air M ix tu res . The p r e p a ra t io n  
o f  s ta n d a rd  m ix tu res  o f  carbon monoxide in  a i r  fo r  th i s  s tu d y  was 
accom plished by u sin g  an a i r  d i lu t io n  system  shown in  F igure 1. A ir  
from th e  la b o ra to ry  was passed  by pump A through a c tiv a te d  c h a rc o a l 
B in to  m an ifo ld  C. The a c t iv a te d  ch a rc o a l removed vapors w hich 
m ight be p re s e n t  in  th e  la b o ra to ry . Carbon monoxide was fed  th rough  
c a p i l l a r y  D and d i lu te d  by th e  f i r s t  a i r  stream  from the m an ifo ld .
The c a p i l l a r y  served  to  p rev en t d i lu t io n  o f  the pure carbon monoxide 
s tream  by d i f f u s io n  o f  a i r  from th e  a i r  stream . The stream  then  
was s p l i t  in to  two stream s flow ing th rough  ro tam ete rs  E and F, 
r e s p e c t iv e ly .  The carbon monoxide in  th e  stream  flowing th rough  F 
was d i lu te d  f u r th e r  by th e  second stream  from th e  m anifold . Exposure 
chamber H was p laced  in  t h i s  stream  to  determ ine background le v e ls  
o f  carbon  m onoxide, which was n o t removed by th e  a c tiv a te d  c h a rc o a l .
The r e s u l t a n t  m ix tu re  was pumped through one o r  more exposure cham bers. 
By ad ju stm en t o f  th e  flow r a te s  through th e  c a p i l la r y  and ro ta m e te rs  
E, F and G, i t  was p o s s ib le  to  vary  th e  co n cen tra tio n s  o f carbon 
monoxide in  th e  exposure chamber from 1-UOOO ppm.
To m a in ta in  a  known slow flow r a t e  (1-10 cc/m in) o f carbon  
monoxide th rough  th e  c a p i l la r y ,  i t  was n ecessa ry  to  use a w a te r  
d isp lacem en t system  shown in  F igu re  2 . In  th is  system w ate r from
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r e s e rv o ir  N was used to  d is p la c e  carbon monoxide from a th ree-necked  
round-bottom  f la s k  in  a  c o n s ta n t tem pera tu re  b a th  W, m ain ta ined  a t  
30°C. The carbon monoxide was pushed through bubb ler L and s i l i c a  
g e l M to  th e  a i r  d i lu t io n  system . R e se rv o ir  N was designed  to  p rov ide  
a  c o n s ta n t head so th a t  th e  r a t e  o f  d isp lacem en t would rem ain co n s ta n t 
as the  r e s e r v o ir  was em ptied . Valves H, J ,  Q and R prov ided  a means 
o f  re tu rn in g  th e  w a te r to  th e  r e s e r v o ir  and purg ing  th e  gas l in e s  
w ith  carbon monoxide. The system  was c a l ib r a te d  a t  30°C u s in g  a  gas 
b u re t so th a t  ro ta m e te r  P , w hich p h y s ic a lly  measured th e  flow  r a t e  o f 
th e  w ate r, a c tu a l ly  p ro v id ed  a  means o f  m easuring th e  low flow r a t e  
o f  carbon monoxide th rough  th e  c a p i l l a r y  o f  th e  a i r  d i lu t io n  system .
2. Flowm eters. R otam eters were used throughout th e  system . 
These ro tam ete rs  could  m easure a i r  flow r a te s  w ith  an accuracy  o f  + 2$ 
a t  f u l l  s c a le .  Back p re s s u re  in  th e  d i lu t io n  system  was k e p t to  a  
minimum to  e lim in a te  th e  e f f e c t s  o f  p re s su re  d if fe re n c e s  on th e  r o ta ­
m ete rs .
3 . Tem perature E f f e c t . The ap p ara tu s  in  F igure  3 was used to  
detexmine th e  tem p era tu re  dependence o f  p e rm e a b ility  fo r  carbon 
monoxide independent o f  th e  re a g e n t o r  a n a ly t ic a l  f in i s h .  A s i l ic o n e  
rubber membrane was p laced  in  th e  f i l t e r  h o ld e r  F. Carbon monoxide 
from th e  tank  was p laced  in  th e  system  on one s id e  o f  th e  membrane 
under s l i g h t  p re s su re  as m easured by manometer A, and th e  tan k  valve  
was c lo sed . A vacuum was m ain ta in ed  on th e  o th e r  s id e  o f  th e  membrane 
as measured by manometer B. The f i l t e r  h o ld e r  was immersed in  a 
w a te r ba th  a t  v a rio u s  tem p e ra tu re s . The r a t e  o f  perm eation  could be 
measured by th e  d ec rease  in  p re s su re  in d ic a te d  by manometer A.
FIGURE 3
APPARATUS FOR INVESTIGATION OF TEMPERATURE EFFECT
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Exposure Chamber and Perm eation D ev ice . The exposure chamber 
and perm eation d ev ice  used in  th is  s tu d y  w ere id e n t i c a l  to  th o se  used 
in  th e  p rev ious s tu d y  (35 , 36 ) and a re  d e p ic te d  in  F ig u re  The 
exposure chamber c o n s is te d  o f a  la rg e  g la s s  tube  th rough  which th e  
carbon m onox ide/a ir m ix tu res  were p assed ; s id e  tu b es  w ere p rovided  
a long  one s id e  f o r  in tro d u c in g  one o r more perm eation  d e v ic e s . The 
perm eation  d ev ice  c o n s is te d  o f a  g la s s  tube  covered  on one end w ith  a 
s i l ic o n e  rubber membrane ( l  m il) ;  the  membrane was se a le d  to  th e  
tube w ith  s i l ic o n e  ru b b er cement. The d ev ice  was in s e r te d  in to  a  
one h o le  s to p p e r  and then  in s e r te d  in to  th e  exposure  chamber to  make 
an a i r  t i g h t  s e a l .  The chamber and d ev ices  th en  co u ld  be p laced  in  
a  w a te r b a th ; o r  a  s e r ie s  o f  exposure cham bers, each exposed to  
d i f f e r e n t  e x te rn a l  c o n d itio n s , could be connected  to g e th e r  fo r  ra p id  
e v a lu a tio n  o f  one o r  more param eters.
3 . Humidity S tu d ie s . The s e r ie s  arrangem ent d e sc rib ed  above 
and shown in  F igu re  3 was used fo r  hum id ity  s tu d ie s ;  f o r  t h i s  s tu d y  
th e  la b o ra to ry  a i r  used in  th e  d i lu t io n  system  (F ig u re  l )  was d r ie d  
p r io r  to  being  used fo r  d i lu t io n  by p a ss in g  i t  th rough  two s i l i c a  
g e l columns. The d ry  a i r  co n ta in in g  carbon monoxide th en  was pumped 
through exposure chamber D, through b u b b lers  H and L to  ach ieve  
100# hum id ity , and f in a l ly  through exposure chamber W. Bubbler H 
was warmed s l i g h t l y ,  and bubbler L was m ain ta in ed  a t  room tem p era tu re ; 
th e  appearance o f  condensation  a t  th e  to p  o f  b u b b le r H and none a t  
bu b b ler L p rov ided  assu ran ce  th a t  th e  a i r  le a v in g  th e  bu b b ler system  
was s a tu ra te d .
FIGURE k
EXPOSURE CHAMBER AND PERMEATION DEVICE
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6 . I n te r fe re n c e  S tu d ie s . Two d i f f e r e n t  tech n iq u es  were used in  
th e  in te r f e re n c e  s tu d ie s  in  o rd e r to  produce th e  a p p ro p r ia te  con­
c e n tra t io n  o f  gas under s tudy  in  th e  exposure cham ber. The s u lf u r  
d io x id e /a i r ,  n itro g e n  d io x id e /a ir  and hydrogen s u l f i d e / a i r  m ix tu res  
were p rep ared  by u s in g  perm eation tubes (37 ) p la c e d  i n  th e  a i r  
stream  in  the  d i lu t io n  system  (F igure  l )  between th e  m an ifo ld  and 
th e  c a p i l la r y .  I t  was n ecessary  to  d ry  the  a i r  by p la c in g  a  s i l i c a  
g e l column in  th e  s tream  im m ediately a f t e r  th e  a c t iv a te d  c h a rc o a l; 
any m o is tu re  in  th e  a i r  stream  would in tro d u ce  e r r o r s  in  th e  c a l i ­
b ra tio n  o f  th e  perm eation  tubes (3 8 ) . By a p p ro p r ia te  ad justm en t o f  
th e  flow r a te s  in  th e  d i lu t io n  system i t  was p o s s ib le  to  o b ta in  th e  
d e s ire d  c o n c e n tra tio n  o f  th e  gas under study i n  th e  exposure chamber.
The a c e ty le n e /a i r  and form aldehyde/air m ix tu re s  w ere p repared  
by u s in g  a  m o to r-d riv en  sy rin g e  to  in je c t  th e se  vap o rs  in to  th e  carbon 
m onox ide /a ir stream  im m ediately  ahead o f the ex p o su re  chamber. The 
sy rin g e  was f i l l e d  w ith  formaldehyde s o lu tio n  (M a llin c k ro d t, 37$) 
o r  gaseous a c e ty le n e , and th e  p lunger speed was a d ju s te d  to  g iv e  an 
a p p ro p ria te  c o n c e n tra tio n  o f  th e  gas under s tu d y  in  th e  exposure 
chamber. In  th e  case  o f  formaldehyde i t  was n e c e s sa ry  to  h e a t th e  
tub ing  in  th e  v i c in i t y  o f  th e  sy rin g e  in  o rd e r  to  e v a p o ra te  th e  
d ro p le ts  o f  s o lu tio n  which formed a t  th e  t ip  o f  th e  n e e d le ; a 
p o r ta b le  h a i r  d ry e r  p rovided  s u f f ic ie n t  h ea t f o r  r a p id  ev a p o ra tio n , 
as no more than  one sm all drop o f s o lu tio n  was e v e r  observed  on th e  
in s id e  o f  th e  tu b in g . The method o f  L yles, a t .  a l .  (39) f ° r  d e te r ­
m ining form aldehyde was used to  check the accu racy  o f  t h i s  sy rin g e  
tech n iq u e .
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7• F ie ld  S tu d ie s . The appara tus shown in  F igu re  6 was used to  
conduct f i e ld  s tu d ie s  o f  t h i s  method. Two perm eation  d e v ice s , 
covered w ith  c a p i l l a r y  and rubber s to p p e r  as shown, were p laced  in  
th e  s h e l t e r  (35) in  a  p a rk in g  lo t  o u ts id e  th e  la b o ra to ry . A ir was 
drawn a t  a  flow r a t e  o f  600 cc/m in from a p o in t  a d ja c e n t to  th e  s h e l t e r  
through a  T eflon  l in e  in to  th e  la b o ra to ry , where i t  passed  through 
exposure chamber A, a c t iv a te d  ch arco a l B, exposure chamber C and 
bu b b le r D.
8 . S pectropho tom eter. A Beckman DB S pectrophotom eter was used 
to  m easure a l l  absorbance v a lu e s .
B. REAGENTS
1. D eionized W ater. H ig h -p u rity  w a te r  was used in  p rep a rin g  
a l l  re a g e n t s o lu t io n s .  D i s t i l l e d  w ate r was passed  through I l l i n o i s  
W ater Treatm ent R esearch Grade d e io n iz in g  columns to  in s u re  h igh  
q u a l i ty .
2 . Carbon Monoxide. C. P. g rade , minimum p u r i ty  99»5$> £xoat 
Matheson Gas P ro d u c ts .
3 . p-Sulfam ylbenzoic A cid. p-Carboxybenzenesulfonam ide, 99$ > 
from A ld rich  Chemical Company.
If. Sodium Hydroxide. Reagent g rad e , from M atheson, Coleman 
and B e ll . To p rep a re  a  1 M s o lu t io n , d is s o lv e  10 grams in  a  250 ml 
v o lu n e tr ic  f la s k  and d i lu te  to  th e  mark.
3 . S i lv e r  N i t r a t e . Reagent g rad e , from M a llin c k ro d t Chemical 
Works. To p rep are  a  0 .1  M s o lu t io n , d is s o lv e  8 .3  grams in  a  300 ml 
v o lu n e tr ic  f la s k  and d i lu te  to  th e  mark.
FIGURE 6 
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6 . S l iv e r  p-Sulfam oylbenzolc Acid S o lu t io n . To p rep are  th e  
c o lo r im e tr ic  re a g e n t, 10 grams o f  p -su lfam y lb en zo ic  a c id  and 2 grams 
o f  NaOH w ere d is so lv e d  in  500 ml o f  d e io n iz e d  w a te r u s in g  a  m agnetic 
s t i r r e r .  W ith con tinued  good s t i r r i n g  500 ml o f  0 .1  M AgNQ3 was 
added slow ly ; th e  r e s u l t in g  s o lu t io n  was cloudy w h ite . T his s o lu t io n  
was s t i r r e d  fo r  te n  m inutes to  in s u re  com plete r e a c t io n ;  250 ml o f  
1 M NaOH was added, and th e  s o lu t io n  was s t i r r e d  an a d d i t io n a l  te n  
m inu tes. The r e s u l t in g  s o lu t io n  was c l e a r  and c o lo r le s s  and was s to re d  
in  a  dark  p la c e  fo r  a t  l e a s t  one week. D eco lo riz in g  c h a rco a l was added, 
and th e  s o lu t io n  was f i l t e r e d  by s u c tio n  through  C e l i te  (F is c h e r ,
C e l i te  5^5)• The reag en t s o lu t io n  was s to re d  in  an amber b o t t l e  and 
k e p t in  th e  d a rk . S o lu tio n s  p rep ared  fo r  t h i s  s tu d y  rem ained s ta b le  
fo r  up to  s ix  m onths; freq u en t opening o f  th e  b o t t l e  and r e s u l t in g  
exposure o f  th e  re a g e n t to  reducing  gases  in  th e  la b o ra to ry  r e s u l te d  
in  more ra p id  d e te r io r a t io n .  S o lu tio n s  w ere d isc a rd e d  when b lank  
v a lu es  showed s ig n i f i c a n t  in c re a s e s .
C. PROCEDURES
The p rocedure  fo r  th e  d e te rm in a tio n  o f  carbon monoxide u s in g  th e  
s i l v e r  p -su lfam oylbenzoic a c id  s o lu t io n  has  been d e sc rib e d  by 
Ciuhandu (3 3 ). In  th e  p re se n t s tu d y  10 ml o f  th e  re a g e n t w ere p laced  
in  a  perm eation  d ev ice  in  an exposure chamber f o r  conducting  th e  
experim ent. Upon com pletion o f  th e  exposure  th e  s o lu t io n  was s t i r r e d  
s l i g h t l y  (as any s i l v e r  s o l  formed ten d s  to  c o l l e c t  a t  th e  bottom  
th e  d ev ice ) and th e  absorbance was m easured a g a in s t  a  re a g e n t b lan k  
a t  330 nm.
CHAPTER IV 
RESULTS AND DISCUSSION
A. PERMEATION OF A GAS THROUGH A POLYMERIC MEMBRANE
The th eo ry  o f  perm eation  and i t s  a p p lic a t io n  to  th e  d e te rm in a tio n  
o f  gaseous a i r  p o llu ta n ts  has been d isc u sse d  tho rough ly  (ko), and 
o n ly  a  b r ie f  summary o f  th e  phenomenon w i l l  be p re se n te d  h e re . 
Perm eation as ap p lied  to  th e  t r a n s p o r t  o f  a  gas through a  polym eric 
membrane i s  a  th re e -s te p  p ro c e s s ;  i t  in v o lv es  th e  d is s o lu t io n  o f  the 
gas a t  one su rfa c e  o f  th e  membrane, th e  d if fu s io n  o f  th e  gas through 
th e  membrane and th e  e v a p o ra tio n  o f  th e  gas a t  th e  o th e r  s u rfa c e . The 
phenomenon i s  dependent on th e  p a r t i a l  p re ssu re  o f  th e  gas on each 
s id e  o f  the  membrane, te m p e ra tu re , and su rfa c e  a re a  and th ick n ess  o f 
th e  membrane. In  th e  p re s e n t  s tu d y  th e  p a r t i a l  p re ssu re  o f  th e  gas 
on th e  s o lu t io n  s id e  o f  th e  membrane was z e ro , and th e  p a r t i a l  p re ssu re  
o f  th e  gas on th e  o th e r  s u r fa c e  o f  th e  membrane was th e r e fo re  d i r e c t ly  
p ro p o rtio n a l to  c o n c e n tra tio n . For a  g iv en  d ev ice  th e  s u rfa c e  a re a  and 
th ick n e ss  o f  the  membrane w ere c o n s ta n t.  Under th e se  c o n d itio n s  th e re  
i s  a  sim ple m athem atical r e la t io n s h ip  between th e  c o n c e n tra tio n  o f  a 
gas in  th e  atm osphere under s tu d y , th e  tim e d u ra tio n  o f  th e  s tu d y  and 
th e  amount o f  the gas which p e n e tra te s  th e  membrane; in  th e  p re se n t 
s tu d y  th e  amount o f  carbon monoxide which p e n e tra te d  th e  membrane 
was found to  be d i r e c t ly  p ro p o r tio n a l to  th e  amount o f  s i l v e r  s o l  
produced in  a  re d u c tio n  r e a c t io n  w ith  th e  reag en t s o lu t io n ,  and th e  
absorbance o f  th e  s o lu t io n  th u s  served  as a  m easure o f  t h i s  q u a n tity  
o f  carbon monoxide.
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The m athem atical r e l a t io n s h ip , th en , can be expressed  as
( 1)
where C = c o n c e n tra tio n  o f  carbon monoxide 
in  th e  a i r
A = absorbance a t  380 nm
t  = tim e o f exposure
K = co n s ta n t
The co n stan t K depends on th e  tem peratu re  o f  th e  measurement and 
th e  c h a r a c te r is t ic s  o f  th e  d ev ice  as m entioned above; th e  va lue  may 
be ad ju sted  as a p p ro p r ia te  to  ag ree  w ith  th e  u n i ts  o f  C and t .  The 
value  must be determ ined  ex p e rim en ta lly  fo r  each d ev ice  by exposing 
the  device to  a known c o n c e n tra tio n  o f  carbon monoxide fo r  a c e r ta in  
perio d  o f tim e. Once th e  d ev ice  has been c a l ib r a te d ,  i t  may be used 
to  detexmine carbon monoxide in  th e  am bient atm osphere.
B. PREPARATION OF CARBON MONOXIDE/AIR MIXTURES
P re p a ra tio n  o f  s ta n d a rd  a i r  m ix tu res  o f  s u l f u r  d io x id e  and 
n itro g e n  d iox ide  fo r  developm ent o f  perm eation methods f o r  determ ining 
those gases and f o r  c a l i b r a t io n  o f  dev ices was accom plished by using  
pexmeation tubes c a l ib r a te d  g ra v im e tr ic a l ly  (37 )• Carbon monoxide 
m ix tures cannot be p rep a red  in  t h i s  manner, however, s in c e  the  gas 
cannot be l iq u e f ie d  under s u i t a b le  c o n d itio n s . The u su a l method 
found in  th e  l i t e r a t u r e  f o r  p roducing  s tan d a rd  carbon m onoxide/a ir 
m ix tures i s  to  add a  sm a ll q u a n t i ty  o f  carbon monoxide, u s u a lly  by 
means o f  a sy rin g e , to  a  known volume o f  a i r  o r  i n e r t  g a s . This
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technique produces a  s t a t i c  system  fo r  tak in g  m easurem ents; th e  a i r  
i s  n o t c i r c u la t in g  as i t  would be in  a normal a tm ospheric  environm ent. 
This type o f  system  i s  s u i t a b le  f o r  use as a s tan d a rd  i f  measurement 
o f th e  system does n o t a l t e r  th e  com position , as would be the case i f  
the  d e te rm in a tio n  o f  carbon monoxide w ere made by NDIR spectroscopy .
In  a  perm eation method, however, th e  components in  th e  m ix ture 
perm eate through a  membrane and a re  removed from th e  system .
Furtherm ore, th e  r a t e  o f  perm eation  may be d i f f e r e n t  fo r  each component, 
so th a t  th e  com position  o f  th e  m ix tu re  in  the  system  w i l l  change as 
a  measurement i s  made. In  o rd e r  to  p rep a re  s tan d a rd  carbon monoxide/ 
a i r  m ix tu res fo r  use  in  a  perm eation  s tu d y , some means o f  producing 
th ese  m ix tures in  a  dynamic system  must be used . As a  m a tte r  o f  
convenience i t  i s  d e s ir e a b le  th a t  some means be p rov ided  w ith  th e  
system fo r  e a s i ly  v a ry in g  th e  c o n c e n tra tio n  o f  carbon monoxide in  th e  
s tandard  m ix tu res  over a  f a i r l y  w ide range. The a i r  d i lu t io n  system 
shown in  F igure 1 s a t i s f i e d  bo th  o f  th e se  c r i t e r i a .
To ach ieve a v a r ia b le  c o n c e n tra tio n  range o f  1-^000 ppm i t  was 
necessary  to  use an ex trem ely  slaw  flow r a te  (1-10  cc/m in) o f carbon 
monoxide through th e  c a p i l l a r y .  M aintenance o f a  c o n s ta n t known flow 
r a te  o f  th i s  sm all m agnitude fo r  long p erio d s  o f  tim e was d i f f i c u l t .
Use o f  a s e r ie s  o f  r e g u la to r s  in  co n ju n c tio n  w ith  a bubble m eter 
proved to  be u n s u ita b le  because o f  th e  d i f f i c u l t y  in  making a 
measurement. Squeezing th e  soap bulb  to  produce a  bubble so d is tu rb e d  
th e  p re ssu re  e q u ilib r iu m  in  th e  system  th a t  s e v e ra l hours were 
req u ired  a f t e r  each measurement to  r e s to r e  th e  e q u ilib r iu m  and a  
c o n s tan t flow r a t e .  I t  seemed as though th e  well-known H eisenberg
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U n c e rta in ty  P r in c ip le  a p p lie d  to  th i s  system  a ls o .  However, th e  
w ate r d isp lacem en t system  shown in  F ig u re  2 was found to  be a  s u i t a b le  
s o lu tio n  to  th e  problem. Using th i s  system  in  co n junction  w ith  th e  
a i r  d i lu t io n  system , i t  was p o s s ib le  to  produce a co n s tan t flow o f  
carbon monoxide in  th e  exposure chamber w ith  a  co n c e n tra tio n  v a r ia b le  
over a range o f  1-UOOO ppm.
C. RESPONSE TIME
The th re e  p ro cesses  involved  in  th e  perm eation  o f  a gas through 
a s o l id  do no t occur in s ta n ta n e o u s ly . There i s  a  tim e d e lay  between 
th e  moment th a t  th e  gas i s  exposed to  one s u rfa c e  o f  th e  membrane 
and th e  moment th a t  a  s te a d y  s t a t e  i s  reached in  th e  perm eation  
p ro cess . A s te a d y  s t a t e  i s  reached when th e  r a t e  o f  d is s o lu t io n  
a t  one s u rfa c e  i s  eq u a l to  th e  r a t e  o f  ev ap o ra tio n  a t  th e  o th e r ,  and 
th e  tim e re q u ire d  to  reach  th i s  s te a d y  s t a t e  i s  c a l le d  th e  response  
tim e. I t  i s  im p o rtan t to  determ ine t h i s  response  tim e in  th e  
development o f  a  perm eation  method so th a t  any experim en tal e r ro r s  
in tro d u ced  in  th e  measurement o f  a  s h o r t  term exposure as a  r e s u l t  
o f  th i s  tim e d e la y  may be p re d ic te d  o r  e lim in a ted .
To de term ine th e  response  tim e fo r  carbon monoxide a  perm eation  
d ev ice  c o n ta in in g  10 ml o f  th e  re a g e n t was p laced  in  an exposure 
chamber and exposed to  carbon monoxide a t  a  c o n ce n tra tio n  o f  IjOOO ppm. 
The re a g e n t s o lu t io n  was rep la ce d  a t  ten -m in u te  in te rv a ls  and th e  














The absorbance measurement a f t e r  th e  f i r s t  I n te rv a l  Is  the  same 
as th e  measurement a f t e r  succeeding  I n te r v a ls ;  th e  response tim e, 
th e re fo re ,  Is  le s s  than  te n  m in u tes . There I s  reaso n  to  b e lie v e  
th a t  th e  re sp o n se  tim e I s  le s s  th an  th re e  m in u tes , bu t s h o r te r  
tim e I n te rv a ls  th an  te n  m inutes could  n o t be examined r e l ia b ly  w ith  
th e  p re s e n t  system . A ll subsequent s tu d ie s  w ere conducted using  
exposure tim es o f  a t  l e a s t  two h o u rs , and I t  was f e l t  th a t  any e r r o r  
In tro d u ced  in  th e  measurements as a  r e s u l t  o f  th e  response tim e 
d e lay  w ere n e g l ig ib le .
D. TEMPERATURE EFFECT
As s ta te d  p re v io u s ly  th e  c o n s ta n t K in  eq u a tio n  1 i s  dependent 
on th e  tem p era tu re  a t  which th e  measurement i s  made. In  previous 
s tu d ie s  w ith  s u l f u r  d io x id e  and n itro g e n  d io x id e  th e  dev ices were 
c a l ib r a te d  a t  25°C, and th e  accuracy  o f  subsequent de te rm in a tio n s  
made w ith  th o se  d ev ices  was dependent on th e  tem pera tu re  dependence
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o f p e rm ea b ility  fo r  th e  gases being  determ ined . For th o se  gases 
th e  tem peratu re  dependence o f  p e rm e a b ility  was found to  be very  sm a ll, 
and th e  methods developed f o r  de term in ing  th e  gases were q u ite  
a cc u ra te  over a  f a i r l y  w ide tem pera tu re  range (3 5 , 3 6 ) .
U n fo rtu n a te ly  th e  tem p era tu re  dependence o f  p e rm e a b ility  fo r  
carbon monoxide u s in g  th i s  re a g e n t i s  s ig n i f i c a n t ly  h ig h e r than  fo r  
s u lfu r  d io x id e  o r  n i tro g e n  d io x id e , as shown in  F ig u re  7A. Each d a ta  
p o in t re p re se n ts  an av erag e  o f  s ix  d e tex m in a tio n s. The d a ta  
in d ic a te s  th a t  th e re  may be an e r r o r  in  th e  d e te n n in a tio n  o f  carbon 
monoxide by th i s  method o f  about 3*2# p e r  °C, o r  abou t 2# p e r °F, fo r  
each degree o f  tem p era tu re  d if f e re n c e  between th e  tem peratu re  a t  
which a  measurement i s  tak en  and th e  tem pera tu re  a t  which th e  d ev ice  
was c a l ib r a te d .
As a  m a tte r  o f  i n t e r e s t  i t  was decided  to  in v e s t ig a te  th e  
c o n tr ib u tio n  to  th e  tem p era tu re  dependence made by th e  perm eation 
phenomenon a lo n e  independent o f  th e  re a g e n t o r  method o f  a n a ly s is  
used . The ap p ara tu s  i n  F ig u re  3 was c o n s tru c te d  f o r  t h i s  purpose.
The p re ssu re  o f  th e  carbon monoxide on one s id e  o f  th e  membrane was 
m aintained  a t  s l i g h t l y  above one atm osphere to  e lim in a te  th e  
p o s s ib i l i ty  o f  a i r  le a k in g  in to  th a t  s id e  as  th e  carbon monoxide 
permeated through th e  membrane, th e reb y  reducing  th e  p re s su re .
F igure  7B shows a p lo t  o f  th e  d ec rease  i n  p re s s u re  as measured by 
manometer A d u rin g  a  s ix -h o u r  d e te rm in a tio n  a t  each tem peratu re .
The d a ta  in d ic a te s  th a t  th e  c o n tr ib u tio n  o f  th e  perm eation phenomenon
FIGURE 7
TEMPERATURE DEPENDENCE OF PERMEABILITY
A. WITH COLORIMETRIC REAGENT
























to  th e  tem peratu re e f f e c t  i s  abou t 1 .1 $  p e r °C, o r about 0 .6 $  p e r  °F . 
Most o f  th e  tem peratu re e f f e c t  encoun tered  in  th e  development o f  t h i s  
method i s  co n trib u ted  by th e  re a g e n t.
E. RESPONSE OF MEASURMENT SYSTEM
In  o rd e r fo r  eq u a tio n  ( l )  to  be u s e fu l in  an a n a ly t ic a l  m ethod, 
th e  response o f  th e  system  as m easured by th e  p roduct Ct m ust be 
uniform  throughout th e  u se fu l ran g e  o f  th e  method. The absorbance 
v a lu e  o b ta in ed  on exposure to  kO ppm fo r  s ix  hours should  be th e  same 
as th a t  ob ta in ed  on exposure to  10 ppm fo r  tw en ty -fo u r h o u rs , fo r  
example. Another way o f  s ta t in g  th i s  requ irem ent i s  to  s t a t e  th a t  
th e  co n s ta n t K must rem ain t r u ly  c o n s ta n t over th e  u s e fu l  range o f 
th e  method.
Table I I  shows th e  average v a lu e  o f K determ ined fo r  s ix  
perm eation dev ices du rin g  c a l ib r a t io n s  a t  carbon monoxide c o n c e n tra tio n s  
from 10-500 ppm, and F igu re  8 i s  th e  c a l ib r a t io n  curve o b ta in e d . The
TABLE I I
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valu e  o f  K d e v ia te s  by le s s  than  tw elve p e r  c e n t a t  co n cen tra tio n s  
up to  100 ppm, and th e  response  o f  th e  system  I s  f a i r l y  l in e a r  up to  
a  c o n c e n tra tio n  o f  about 80 ppm. The u s e fu l  range o f  th e  method Is  
about 2-80 ppm carbon monoxide fo r  a tw en ty -fo u r hour exposure p e rio d .
F. HUMIDITY EFFECT OF PERMEATION
I t  has been shown (ll-l) th a t  In  some cases  p e rm ea b ility  may be 
a hum id ity -dependent phenomenon. F o r tu n a te ly  In  th e  p re se n t study 
th e  p e rm e a b ility  o f  carbon monoxide through s i l i c o n e  ru b b er membranes 
was found to  be Independent o f  hum id ity . The average n e t  absorbance 
o f  re a g e n t s o lu t io n  In  s ix  dev ices exposed to  500 ppm carbon monoxide 
fo r  two hours a t  0$ and 100$ r e l a t iv e  hum id ity  was Id e n t ic a l .
G. LIGHT EFFECT
I t  has been re p o rte d  (3 3 ) th a t  exposure o f  th e  reag en t to  l ig h t  
w i l l  r e s u l t  i n  ra p id  d e te r io r a t io n .  I t  was d isco v e red  in  th e  course 
o f  th e  p re se n t in v e s t ig a t io n  th a t  placem ent o f  exposed o r  unexposed 
reag en t in  d i r e c t  s u n lig h t r e s u l t s  in  com plete lo s s  o f  c o lo r  in  about 
two h o u rs . Indoor f lu o re s c e n t l ig h t in g  in  th e  la b o ra to ry  o r  su n lig h t 
p e n e tra tin g  opaque g la s s  in  th e  la b o ra to ry  windows, however, produced 
no d e te r io r a t io n  in  e i th e r  exposed o r  unexposed rea g e n t fo r  periods 
o f  up to  f o r ty - e ig h t  h o u rs . As a  r e s u l t  o f  t h i s  observed d e te r io ra t io n  
in  th e  p resence  o f  l i g h t ,  i t  was n ecessa ry  to  s h ie ld  th e  dev ice  from 
l ig h t  in  th e  exposure chamber used in  f i e ld  e v a lu a tio n s . As a 
p rec a u tio n  th e  re a g e n t a ls o  was s to re d  in  amber b o t t le s  and kept 
in  a dark  p la c e  in  th e  la b o ra to ry .
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H. STABILITY OF REAGENT
The p re se n t method was developed to  determ ine average concen­
t r a t io n s  o f carbon monoxide over p e rio d s  o f  s e v e ra l h o u rs. I t  was 
e s s e n t i a l ,  th e re fo re ,  th a t  th e  response  o f  th e  reag en t be e s s e n t ia l ly  
uniform  during  th e  e n t i r e  exposure p e r io d . Any s i l v e r  s o l  fom ed  
e a r ly  in  th e  exposure p e r io d  m ust be s ta b le  d u ring  th e  rem ainder 
o f  th e  exposure p e r io d , and th e  response  o f  any unexposed reag en t 
must be th e  same d u rin g  th e  l a s t  p o r tio n  o f  the  exposure perio d  as 
d u rin g  th e  e a r ly  p o r tio n .
To determ ine th e  s t a b i l i t y  o f  both  exposed and unexposed rea g e n t, 
carbon monoxide (500 ppm) was bubbled through 50 ml o f reag en t a t  a  
flow r a t e  o f  600 m l/m in, and samples o f  exposed and unexposed reag en t 
were p laced  in  c o n s ta n t tem p era tu re  b a th s . The absorbance o f  each 
sample was measured a t  p e r io d ic  i n t e r v a l s ,  and th e  r e s u l t s  a re  shown 
in  Table I I I .  Each absorbance v a lu e  re p re s e n ts  an average o f  a t  
l e a s t  th re e  d e te rm in a tio n s .
TABLE I I I
STABILITY OF EXPOSED AND UNEXPOSED REAGENT
Temp. °  25°C Temp. 888 50°C Temp. ■ UO°C
Time Blank R g t,
.03U . l l h
Blank R g t,
,03b. .117
.038 .108
Blank R g t,
INITIAL 03U .110
8 h r .03  ^ .111 040 .102
2k h r .035 .105 0h2 .097 .o te  .078
The d a ta  in d ic a te  th a t  th e  in t e n s i ty  o f  th e  c o lo r  produced by 
th e  s i lv e r  s o l  foztned d ecreased  w ith  tim e; th e  n e t  d ec rease  averaged 
about fou r p e r  c e n t in  e ig h t  hours and tw elve p e r  cen t in  tw en ty -fo u r 
hours a t  25°C, and th e  i n s t a b i l i t y  in c re a se d  w ith  tem p era tu re . The 
in c re a se  in  b lank  v a lu e  a t  h ig h e r  tem pera tu res  p robably  waB caused 
by a  s h i f t  in  th e  e q u ilib r iu m  between rea g e n t components:
Ag+ + 0H“ + H2NSQ2C6H4C00-  ^  AgHNSQ2C6H4C00“ + IfeO.
The blank va lue  a t  h ig h e r  tem p era tu res  tended to  s t a b i l i z e  a t  an 
absorbance va lue  o f  .Oh-5-.060 a f t e r  f o r ty - e ig h t  h o u rs .
The d ec rease  in  absorbance v a lu e  o f  th e  exposed re a g e n t m ight be 
a t t r ib u te d  in  p a r t  to  th e  a d so rp tio n  o f th e  s i l v e r  on th e  s u rfa c e  o f  
th e  pexmeation d ev ic e ; th e  a d so rp tio n  o f  s i l v e r  from s o lu t io n s  on 
th e  su rfac e  o f  la b o ra to ry  g lassw are  has been re p o rte d  (ij-2). A ttem pts 
to  s t a b i l i z e  th e  s i l v e r  s o l  w ere u n su c c e ss fu l. I t  has been re p o rte d  
(ij-5) th a t  p o ly v in y lp y rro lid o n e  has been used to  s t a b i l i z e  c o l lo id a l  
s i l v e r ,  b u t use o f  th e  compound to  s t a b i l i z e  th i s  s i l v e r  s o l  r e s u l te d  
in  more ra p id  d e te r io r a t io n  o f  th e  re a g e n t. V a ria tio n  in  th e  r e la t iv e  
co n cen tra tio n s  o f  th e  components o f  th e  re a g e n t produced no s i g n i f i ­
c a n t improvement in  s t a b i l i t y .
I .  INTERFERENCE. STUDIES
I t  has been re p o rte d  (h4) th a t  hydrogen s u l f id e ,  a c e ty le n e  and 
formaldehyde produced an in te r f e r e n c e  e f f e c t  in  p rev ious d e te rm in ­
a tio n s  o f  carbon monoxide w ith  th i s  c o lo r im e tr ic  re a g e n t. S ince th e  
p e rm e a b il it ie s  o f  th ese  gases were q u i te  d i f f e r e n t  (1+1), i t  was 
n ecessa ry  to  in v e s t ig a te  any in te r f e r e n c e  produced by th e  gases when th e  
c o lo r im e tr ic  reag en t was used in  a perm eation  method. I t  was decided  
a lso  to  in v e s t ig a te  p o ss ib le  in te r f e r e n c e  e f f e c t s  produced by s u lf u r  
d io x id e  and n itro g e n  d iox ide  s in c e  perm eation  methods have been 
developed fo r  th e  gases, and co nven ien t so u rces  fo r  producing known 
co n c e n tra tio n s  o f  the  gases a lre a d y  w ere a v a i la b le .  In  conducting 
the  in v e s t ig a t io n s  th e  c o n c e n tra tio n  le v e ls  o f  p o s s ib le  in t e r f e r e n t  
sp ec ie s  was chosen in  r e l a t io n  to  a p p ro p r ia te  F edera l (20) o r  S ta te  
(UO) s ta n d a rd s ; th e  c o n c en tra tio n  o f  carbon  monoxide chosen was 10 ppm, 
which corresponded to  th e  ty p ic a l  background le v e l  o f  carbon monoxide 
found in  th e  la b o ra to ry  during  th e  co u rse  o f  th i s  s tu d y  and to  th e  
F edera l am bient a i r  q u a l i ty  s tan d a rd  fo r  carbon monoxide o f  9 PPm 
(maximum 8-hour co n cen tra tio n  n o t to  be exceeded more than  once p e r 
y e a r ) .
The techn iques used to  ach iev e  th e  a p p ro p ria te  le v e ls  o f  gas in  
th e  exposure chamber a re  d esc rib ed  in  C hap ter I I I ,  and a summary o f 
th e  r e s u l t s  o f  th e  in te r fe re n c e  s tu d ie s  i s  shown in  T ab le  IV. Data 
re p o rte d  fo r  s u l f u r  d io x id e , n itro g e n  d io x id e  and hydrogen s u lf id e  
a re  based on tw en ty -four hour exposures to  10 ppm carbon monoxide 
and in te r f e r e n t  sp ec ies  a t  th e  le v e l  in d ic a te d . I t  was im possib le  
to  m a in ta in  in te r f e r e n t  le v e ls  o f  a c e ty le n e  and formaldehyde fo r  
p e rio d s  o f  more than s ix  hours u s in g  th e  m o to r-d riv en  sy rin g e
TABLE IV
INTERFERENCE STUDY
S pecies C o n cen tra tio n  Net Abs. # Change
CO 10 ppm (12.5 mg/m3 ) 0 .020
NQ2 180 ppb (570 M'g/ro3 ) 0.019* “5#
SQa 120 ppb (550 pg/m3 ) 0.014* -30#
HaS 70 ppb (100 pg/m3 ) 0 . 025* +25#
C2Ha** 130 ppb (150 p.g/m3 ) 0.021* +5#
CHaO** 11 ppb (15 pg/m3 ) 0 . 027* +33#
Value i s  fo r  10 ppm CO + in te r f e r e n t  sp e c ie s  a t  in d ic a te d  
c o n c e n tra tio n .
D ata fo r  th i s  sp e c ie s  were ob ta ined  u sin g  gas c o n c e n tra tio n s  o f  
4  tim es th e  le v e ls  in d ic a te d . Data were c o l le c te d  d u rin g  a  6 - 
hour exposure p e r io d .
a p p a ra tu s ; s tu d ie s  fo r  th e se  gases were conducted u s in g  s ix -h o u r 
exposures to  lf-0 ppm CO and in te r f e r e n t  sp e c ie s  a t  fo u r tim es the  
le v e l in d ic a te d .
The F edera l s tan d ard  fo r  maximum p e rm is s ib le  n itro g e n  d io x id e  
i s  100 pg/m3 (annual a r ith m e tic  mean). The low est le v e l  a v a i la b le  
w ith  th e  system  used in  t h i s  s tu d y  was 370 pg/m3 . At t h i s  le v e l  a  
f iv e  p e r  c en t n e g a tiv e  in te r fe re n c e  was observed . The F edera l 
s tan d a rd  fo r  s u l f u r  d io x id e  i s  365 pg/m3 , which i s  th e  maximum tw enty- 
four hour c o n c e n tra tio n  no t to  be exceeded more th an  once p e r y ear.
At th i s  extrem e c o n c en tra tio n  a t h i r t y  p e r  c e n t n e g a tiv e  in te r f e re n c e  
was observed . There a re  no F ederal s ta n d a rd s  fo r  hydrogen s u l f id e ;  
however, th e  S ta te  o f  Texas has p re sc r ib e d  a  maximum p e rm iss ib le  
c o n ce n tra tio n  o f 15 pg/m3 (24-hour a v e ra g e ) . The low est le v e l  
a v a i la b le  w ith  th e  system used in  t h i s  s tu d y  was 100 pg/m3 , and a t  
th i s  ex trem ely  sev e re  co n ce n tra tio n  a  tw e n ty -f iv e  p e r  c e n t p o s i t iv e  
in te r f e re n c e  was observed . The F ed era l am bient a i r  q u a l i ty  s tan d a rd  
fo r  hydrocarbons i s  160 pg/m3 (maximum th re e -h o u r  c o n c e n tra tio n  n o t 
to  be exceeded more than once p e r y e a r ) .  A t t h i s  le v e l  a  f iv e  per 
cen t p o s i t iv e  in te r f e re n c e  was observed . There a re  no F ed era l o r  
s t a t e  s tan d a rd s  f o r  form aldehyde; however, a  ty p ic a l  le v e l  in  the  
am bient atm osphere has been es tim ated  to  be 15 pg/m3 o r  le s s  fo r  a 
t h i r t y  m inute sample (39* ^5)» At t h i s  le v e l  a  t h i r t y - th r e e  p e r c en t 
p o s i t iv e  in te r f e r e n c e  was observed.
In  a d d it io n  to  the  In te r fe re n c e  e f f e c t  observed , membranes 
exposed re p e a te d ly  to  h igh co n ce n tra tio n s  o f  s u lf u r  d io x id e  and
h2
hydrogen s u lf id e  developed p in h o le  le a k s . Black sp o ts  were observed 
a t  th e  le a k  s i t e s .  With th e  excep tion  o f  those  in c id e n ts ,  no 
d e te r io r a t io n  o f  membrane m a te r ia l  was d e te c te d  d u rin g  th e  developm ent 
o f  th i s  method, and perm eation  dev ices were used re p e a te d ly .
Numerous techn iques fo r  e lim in a tin g  o r red u c in g  in te r f e r e n c e s  
were t r i e d  w ith o u t su c c e ss . I t  has been re p o rte d  (lf6) t h a t  p o te n t ia l  
In te r fe re n c e s  fo r  t h i s  re a g e n t can be e lim in a ted  by p a s s in g  th e  a i r  
sample through m ercu ric  s u l f a t e  adsorbed on s i l i c a  g e l .  The advantage 
o f  a  perm eation method o v er conven tional bubbling  te c h n iq u e s , however, 
i s  th a t  th e  perm eation method e lim in a te s  th e  need fo r  a  m echanical 
d ev ice  fo r  sam pling (such as a  pump). In  o rd e r to  m a in ta in  th e  
independence from m echanical d e v ice s , in v e s t ig a t io n s  w ere undertaken  
to  determ ine th e  f e a s i b i l i t y  o f  soaking a  c lo th  o r  n e t  in  a  s o lu t io n  
o f  m ercu ric  s u l f a t e  and a t ta c h in g  th e  c lo th  to  th e  o u ts id e  o f  th e  
perm eation  d ev ice . S tu d ie s  were conducted u s in g  s e v e ra l  ty p es  o f 
c lo th  and n e t t in g ;  co vering  th e  membrane w ith  any ty p e  o f  m a te r ia l  
was found to  r e s t r i c t  s e v e re ly  th e  flow o f  a i r  a c ro ss  th e  membrane 
s u r fa c e ,  and no d e te c ta b le  perm eation o f  carbon monoxide o ccu rred  
even a t  h igh  co n c e n tra tio n s  (100 ppm). No a l t e r n a t iv e  was found to  
u sin g  a  m echanical pump to  pump th e  a i r  through a c t iv a te d  ch a rco a l 
o r  m ercu ric  s u l f a te  to  e lim in a te  in te r f e re n c e s .
J .  FIELD EVALUATION
No development o f  a  good a n a ly t ic a l  method i s  com plete w ith o u t 
a t  l e a s t  some e v a lu a tio n  o f  th e  method in  a re a l-w o r ld  s i t u a t io n  
away from th e  " s t e r i l e "  environm ent o f  the  la b o ra to ry . Norm ally in
a f i e l d  e v a lu a tio n  th e  proposed new method i s  compared to  th e  
re fe re n c e  method i f  a  re fe re n c e  method has been e s ta b lis h e d  fo r  th e  
p a r t i c u la r  sp ec ie s  being detexm ined. The re fe re n c e  method fo r  
carbon monoxide i s  NDIR sp ec tro sco p y , b u t u n fo rtu n a te ly  an in s tru m en t 
was n o t a v a i la b le  fo r  com parison w ith  t h i s  p re se n t method.
Of th e  experim en tal param eters in v e s t ig a te d  in  th e  p re se n t 
s tu d y , th e  tem peratu re  dependence o f  th e  method and th e  in te r f e r e n c e  
e f f e c t  o f  s u lf u r  d io x id e  and form aldehyde would cause th e  most 
s ig n i f i c a n t  e r r o r  in  a d e te rm in a tio n . In  the  absence o f  a re fe re n c e  
method i t  was decided  to  d ev ise  a  system  fo r  f i e ld  e v a lu a tio n  o f  th e  
method which would p rov ide  some in d ic a t io n  o f  th e  e f f e c t  o f  th e  above 
param eters  on an a c tu a l  d e te rm in a tio n .
The ap p ara tu s  fo r  conducting  th e  f i e ld  ev a lu a tio n  i s  shown in  
F ig u re  6 . The park in g  l o t  i s  surrounded by b u ild in g s  on fo u r s id e s ,  
th e re b y  re ta rd in g  a i r  c i r c u la t io n ,  and c a rs  and d e liv e ry  tru ck s  
p ro v id ed  a c o n tin u a l sou rce  o f  carbon monoxide from about 7 :3 0  AM 
to  10:30 PM. The absorbance v a lu es from th e  dev ices p laced  in  th e  
s h e l t e r  in  th e  park in g  l o t  were compared w ith  th e  absorbance v a lu es 
o f  th e  d ev ices  in  exposure chamber A in  th e  la b o ra to ry ; th e  tem p era tu re  
in  th e  la b o ra to ry  was m ain ta ined  a t  25°C. Any d e v ia tio n  between 
v a lu e s  could  be a t t r ib u te d  to  tem pera tu re  e f f e c t s .  Absorbance 
v a lu e s  from d ev ices in  exposure chamber A were compared w ith  th o se  
in  exposure chamber C. Any d e v ia tio n  between th ese  v a lu es could  be 
a t t r i b u t e d  to  in te r f e re n c e  e f f e c t s  s in c e  p o te n t ia l  i n t e r f e r e n t  sp e c ie s  
w ere removed by th e  a c t iv a te d  c h a rc o a l. The r e s u l t s  o f  th e  s tu d y  
a re  shown in  Table V.
TABLE V
FIELD EVALUATION
Tem perature (°C) - - ——  Absorbance
Date High Low Lab O utside Pos. A Pos.C
10/9 /74 27 13 25 .037 .029 .040
10/ 10/74 28 12 25 .081* . 032* . 018*
10/ 14 /74 29 17 25 .027 .033 .033
10/ 16/74 21 6 25 .015
ON• .027
10/ 17/74 24 10 25 .027 .032 .029
10/ 18/74 29 12 25 .043
COs• .029
10/19/74 28 11 25 .029 .014* . 013*
10/ 20/74 24 11 25 .012 .029 .022
AVG 26 12 25 .027 .032 .030
•X*D ata n o t co n s id e red  in  computing av erag es.
Exam ination o f  th e  d a ta  in  T able V on a  d ay -to -d ay  b a s is  shows 
some tre n d s  and some ap p aren t anom alies. Good agreem ent was ob tained  
between a l l  absorbance v a lu es  recorded  on 10/17 and on 10 /1^ , which 
was ra in y  day. In  a d d it io n  c lo se  c o r re la t io n  was observed  between 
tem perature  com parisons on 10/18 and between in te r f e r e n c e  comparisons 
on 10/16. The low absorbance read in g  taken  o u ts id e  on 10/16 could 
be th e  r e s u l t  o f  th e  ex trem ely  low tem p era tu re , bu t no ex p la n a tio n  
can be o f fe re d  fo r  th e  s im i la r  read in g  taken  on 10/20, ex cep t th a t  
th e  day was a  Sunday and th e  park in g  l o t  was n o t used.
The d a ta  from th e  f i e ld  s tu d ie s  shows th a t  w ith  th e  excep tion  o f 
two d a te s , 10/10 and 10/ 19 , th e  average e r ro r  in tro d u ced  by tem per- 
a tu re  d if fe re n c e s  i s  about te n  p e r  c e n t,  and th e  average e r ro r  
in troduced  by in te r f e r e n c e  sp e c ie s  i s  about seven p e r c e n t .  The 
d a ta  recorded  a t  th e  exposure chambers in  th e  la b  on 10/19  i fl in v a lid  
because o f  a  b reak  d isco v e red  in  th e  te f lo n  l in e .  The membranes and 
s o lu tio n s  used in  th e  s h e l t e r  to  c o l l e c t  d a ta  on 10/10 w ere tu rned  
dark  brown in  c o lo r ,  p o s s ib ly  in d ic a t in g  a  very  h igh  c o n c e n tra tio n  o f 
in te r f e r e n t  sp e c ie s  in  th e  a i r  th a t  p a r t ic u la r  day.
Using th e  c a l ib r a t io n  c h a r t  o f  F igure  8 and th e  d a ta  from 
exposure chamber C, th e  c o n c e n tra tio n  o f  carbon monoxide in  th e  
park ing  lo t  ranges from 17-32 ppm fo r  a  2^ -hour av erag e . The low est 
co n c en tra tio n  was observed on a  Sunday when t r a f f i c  was l i g h t e s t ,  
and th e  average c o n c e n tra tio n  fo r  th e  e n t i r e  e v a lu a tio n  was about 
25 ppm. From th e  d is c u s s io n  p re sen te d  in  C hapter I I ,  t h i s  value  
seems rea so n ab le .
CHAPTER V 
CONCLUSIONS
The method developed h e re  i s  a  s im p le , inex p en siv e  and r e l i a b l e  
method £or th e  d e te rm in a tio n  o f  av erag e  c o n c e n tra tio n s  o f  carbon 
monoxide in  th e  am bient atm osphere. The tech n iq u e  re q u ire s  no 
e l e c t r i c a l  o r  m echanical connections to  complex equipm ent; no 
ted io u s  sampling technique i s  re q u ire d . The method has some 
l im i ta t io n s ,  however.
The method i s  n o t s u i ta b le  fo r  s ta c k  gas a n a ly s is  where extrem e 
tem pera tu re  v a r ia t io n s  and h igh  i n t e r f e r e n t  c o n c e n tra tio n s  may be 
p r e s e n t ;  nor i s  th e  method s u i ta b le  f o r  p ro cess  stream  a n a ly s is  
where r a p id  measurement i s  r e q u ire d , and tem pera tu re  v a r ia t io n s  a ls o  
may a f f e c t  r e s u l t s .  Because o f  th e  resp o n se  tim e, exposure p e rio d s  
o f  le s s  than  two hours a re  n o t recommended; and because o f th e  
i n s t a b i l i t y  o f th e  s i l v e r  s o l ,  exposure  p e rio d s  should  be l im ite d  to  
e ig h t hours a t  h igh  c o n c e n tra tio n  o r  tw en ty -fo u r hours a t  low
c o n ce n tra tio n s  (<3.0 ppm). Extreme tem p era tu res  a ls o  should  be 
avo ided .
The reag en t i s  s ta b le  a t  o rd in a ry  room tem p era tu re  fo r  up to  
s ix  m onths, and th e  absorbance v a lu e  o f  th e  b lank  a t  25°C i s  0 .03^; 
th i s  v a lu e  v a r ie s  by le s s  than  ± 0 .001 . A d e te c t io n  l im i t  o f  2 ppm 
fo r  a  tw en ty -fo u r hour exposure can  be s ta te d  assuming th e  l im i t  to  
be tw ice  th e  s tan d ard  d e v ia tio n  o f  th e  b lan k . The response  o f  th e  
re a g e n t i s  l in e a r  up to  a carbon monoxide c o n c e n tra tio n  o f  80 ppm.
A thorough e r ro r  a n a ly s is  i s  in a p p ro p r ia te  s in c e  v a ry in g  f ie ld
k 6 '
c o n d itio n s , such as tem pera tu re , in te r f e re n c e s  and exposure tim e, 
w i l l  a f f e c t  th e  amount o f  e r ro r  in tro d u ced  in  th e  d e te rm in a tio n .
S ince most o f  th e  e r ro r  in tro d u ced  by tem p era tu re  d if fe re n c e s  
was c o n tr ib u te d  by th e  re a g e n t, i t  would seem a p p ro p ria te  fo r  fu tu re  
work to  in v e s t ig a te  new reag en t p o s s i b i l i t i e s .  Use o f  an o th e r re a g e n t 
a ls o  may improve s t a b i l i t y .  I t  i s  co n ce iv ab le  th a t  a  s ta b le  re a g e n t 
can be found w ith  an in v e rse  tem peratu re  dependence to  compensate fo r  
th e  sm all tem pera tu re  dependence c o n tr ib u te d  by th e  perm eation  
p ro c e ss . I t  may be d e s ir a b le  to  use an ab so rb e r  in  th e  d ev ice  which 
i s  s e p a ra te  from th e  a n a ly t ic a l  f in is h .
A fu r th e r  e x te n s io n  o f  th i s  work would be to  determ ine w hether 
o r  n o t th e re  i s  a  r e la t io n s h ip  between th e  p e rm e a b ility  c o n s ta n t fo r  
a  g iven  d ev ice  when c a l ib r a te d  using  carbon monoxide and th e  c o n s ta n t 
determ ined by u s in g  o th e r  g ases, such as s u l f u r  d io x id e  o r  n itro g e n  
d io x id e . I t  may be p o s s ib le  to  c a l ib r a te  a  d ev ice  u s in g  one gas and 
then  use th e  d ev ice  to  determ ine s e v e ra l gases m erely  by changing 
absorb ing  s o lu tio n s  and app ly ing  th e  a p p ro p r ia te  f a c to r  to  th e  
c o n s ta n t. In v e s t ig a t io n s  p re s e n tly  a re  be ing  conducted lead in g  
toward th e  development o f  a s im ila r  perm eation  method f o r  v in y l 
c h lo r id e ,  and th e  development o f a d d i t io n a l  perm eation  methods fo r  
use in  a i r  p o l lu t io n  s tu d ie s  seems c e r ta in .
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